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Vitamin A affects many aspects of T lymphocyte development and function. The vitamin A metabolites all-trans- and 9-cis-retinoic
acid regulate gene expression by binding to the retinoic acid receptor (RAR), while 9-cis-retinoic acid also binds to the retinoid
X receptor (RXR). Naive DO11.10 T lymphocytes expressed mRNA and protein for RAR-�, RXR-�, and RXR-�. DNA microar-
ray analysis was used to identify RXR-responsive genes in naive DO11.10 T lymphocytes treated with the RXR agonist
AGN194204. A total of 128 genes was differentially expressed, including 16 (15%) involved in cell growth or apoptosis. Among
these was Bcl2a1, an antiapoptotic Bcl2 family member. Quantitative real-time PCR analysis confirmed this finding and demon-
strated that Bcl2a1 mRNA expression was significantly greater in nonapoptotic than in apoptotic T lymphocytes. The RXR agonist
9-cis-retinoic acid also increased Bcl2a1 expression, although all-trans-retinoic acid and ligands for other RXR partner receptors
did not. Treatment with AGN194204 and 9-cis-retinoic acid significantly decreased apoptosis measured by annexin V staining but
did not affect expression of Bcl2 and Bcl-xL. Bcl2a1 promoter activity was examined using a luciferase promoter construct. Both
AGN194204 and 9-cis-retinoic acid significantly increased luciferase activity. In summary, these data demonstrate that RXR
agonists increase Bcl2a1 promoter activity and increase expression of Bcl2a1 in naive T lymphocytes but do not affect Bcl2 and
Bcl-xL expression in naive T lymphocytes. Thus, this effect on Bcl2a1 expression may account for the decreased apoptosis seen in
naive T lymphocytes treated with RXR agonists. The Journal of Immunology, 2005, 175: 7916–7929.

V itamin A has long been called the “the anti-infective
vitamin” (1). This designation is appropriate because vi-
tamin A deficiency impairs both innate and adaptive im-

munity and increases the risk of death from infectious disease (2).
Vitamin A (retinol) is converted to its active metabolites all-trans-
and 9-cis-retinoic acid by specific enzymes (3). Retinoic acid then
regulates gene expression by binding to two nuclear receptors, the
retinoic acid receptor (RAR-�),3 -�, and -�, also referred to as
NR1B1, NR1B2, and NR1B3, respectively, and the retinoid X re-
ceptor (RXR-�), -�, and -�, or NR2B1, NR2B2, and NR2B3, re-
spectively (4). All-trans-retinoic acid binds with high affinity to
RAR while 9-cis-retinoic acid binds with high affinity to both RAR
and RXR (5, 6). RXR homodimers or heterodimers formed with
RAR or other partner receptors bind to response elements in the
promoter-enhancer region of target genes to regulate transcrip-
tion (4).

Nuclear receptors, including RAR and RXR, play an important
role in the immune system, including T lymphocyte development,
function, and survival (7–11). For example, treatment of naive T
lymphocytes with 9-cis-retinoic acid and the RXR-selective ago-
nist AGN194204 enhance in vitro development of Th2 memory
cells (12). All-trans-retinoic acid has similar effects (13, 14).

Apoptosis is an important regulator of the innate and adaptive
immune response (15). For example, apoptosis is induced during
thymic selection to minimize the development of self-reactive T
lymphocytes, and protection of “appropriately” stimulated thymo-
cytes from apoptosis helps ensure generation of a naive T lym-
phocyte repertoire adequate for defense against pathogenic organ-
isms (16). In the periphery, naive T lymphocytes induce
expression of the antiapoptotic proteins Bcl2a1 and Bcl-xL follow-
ing stimulation via the TCR to ensure survival during the first few
days following antigenic stimulation. During the same time period,
cytokines such as IL-2 and IL-4 also enhance survival by stimu-
lating Bcl2 expression (17). In contrast, apoptosis may be induced
by overstimulation of the TCR (activation-induced cell death, me-
diated by Fas-ligand engagement on targeted lymphocytes) and by
cytokine withdrawal (death by neglect, which can be reversed by
cytokines such as IL-2, IL-4, and IL-7) (18). This balance of sur-
vival and apoptosis helps maintain protective immune responses
and ensures their successful termination and also protects the host
from damaging autoimmune responses.

Little is known about the effect of retinoids on the survival of
naive or memory T lymphocytes. However, retinoids are known to
affect the survival of thymocytes, T cell hybridomas, and T lym-
phoma cell lines. For example, retinoic acid and RAR-selective
ligands can inhibit Fas-mediated apoptosis by diminishing cell sur-
face Fas ligand expression in T cell hybridomas activated via the
TCR (19–22). This antiapoptotic effect is mediated via RAR-�/
RXR heterodimers (23), whereas RAR-� agonists can up-regulate
FAS-ligand and thus facilitate apoptosis in T cell hybridomas (24)
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as well as thymocytes (25). Thymocyte apoptosis has also been
reduced by retinoic acid treatment (26). However, in T lymphoma
cells, retinoic acid has been shown to induce apoptosis, although
the mechanism is not known (27). To our knowledge, the effects of
retinoids on apoptosis have not been examined in primary T
lymphocytes.

In the present study, we have identified genes that are differen-
tially regulated by the RXR agonist AGN194204 during primary
antigenic stimulation of naive CD4� T lymphocytes from
RAG1�/� DO11.10 TCR-transgenic mice (28). Many genes play-
ing a role in apoptosis were identified. One of these was Bcl2a1,
which encodes the antiapoptotic Bcl2 family member A1 (also
called Bfl-1 and Hbpa1) (29). Bcl2a1 is expressed in many cells of
the immune system, including myeloid progenitor cells (30), mac-
rophages (31), neutrophils (32), thymocytes (13), T lymphocytes
(33), and B lymphocytes (34). In T lymphocytes, Bcl2a1 expres-
sion is induced by engagement of the TCR (17) via activation of
NF-�B (17, 34, 35). Our data suggest that RXR agonists enhance
survival of naive T lymphocytes by increasing Bcl2a1 gene ex-
pression and thereby decreasing apoptosis.

Materials and Methods
Mice

RAG1�/� DO11.10 mice were bred in our facility. They were a gift from
Dr. C. London (University of California, Davis, CA). To confirm their
identity, peripheral blood from these mice was screened by two-color flow
cytometric analysis using anti-CD4 Ab and the TCR clonotypic mAb
KJ1–26 (36). BALB/c mice were purchased from Charles River
Laboratories.

Cell lines and reagents

The Th1 and Th2 cell cultures were derived from DO11.10 mice as de-
scribed (37) and were a gift of Dr. C. Weaver (University of Alabama,
Birmingham, AL). The RAR and RXR plasmids used as controls in Fig. 1
were a gift from Dr. M. Satre of (University of California, Davis, CA). Abs
used in cell culture were purchased from BD Pharmingen and included
neutralizing rat mAbs for murine IL-4 (clone BVD40-1D11, IgG2b iso-
type), IL-12 (p40/p70, clone C17.8, IgG2a isotype) and IFN-� (clone R4-
6A2, clone R4-6A2). Isotype control Abs for IgG1 (clone 11010D), IgG2a
(clone 11020D), and IgG2b (clone R35-38) were also used. Recombinant
purified IL-4 was also purchased from BD Pharmingen. Abs for FACS
analysis included PE-labeled anti-CD4 (clone L3T4; BD Pharmingen) and
FITC-labeled KJ1–26 (Caltag Laboratories). The following Abs (identified
by product number) were used for Western blot analysis and were pur-
chased from Santa Cruz Biotechnology: RAR-�, SC551; RAR-�, SC552;
RAR-�, SC773; RXR-�, SC553; and RXR-�, SC555. The Ab for RXR-�
(PA1-815) was purchased from Affinity BioReagents. The secondary goat
anti-rabbit Ab for Western blots was purchased from Jackson ImmunoRe-
search Laboratories.

The RXR-selective agonist AGN194204 (38) and other nuclear receptor
agonists were diluted in cell culture-grade DMSO (Sigma-Aldrich) and
stored at �70°C. Aliquots were thawed and diluted into medium immedi-
ately before addition to lymphocyte cultures. The final concentration of
DMSO in the cell culture medium was 0.1%. The peroxisome proliferator-
activated receptor (PPAR)-� agonist ciglitazone was purchased from Cay-
man Chemical, whereas 9-cis-retinoic acid, all-trans-retinoic acid, 1�,25-
dihydroxyvitamin D3, 3,3�,5-triiodo-L-thyronine, chenodeoxycholic acid,
and 22(R)-hydroxycholesterol were purchased from Sigma-Aldrich.

For reporter gene analysis, the CAT reporter plasmid A1/L-CAT, con-
taining 2 kb of genomic DNA cloned from immediately upstream of the
Bcl2a1a gene (39), was provided by S. Gerondakis (The Royal Melbourne
Hospital, Parkville, Victoria, Australia) and cloned in a luciferase reporter
plasmid (pGL3/Bcl2a1). The heat shock protein 70 (HSP70)-�-galactosi-
dase reporter plasmid was provided by R. Modlin (University of California,
Los Angeles, CA). The expression plasmid for pCMX/RXR� and pCMX
were provided by D. Mangelsdorf (Southwestern Medical Center,
Dallas, TX).

3T3 cells (a murine fibroblast cell line, ATCC CRL1658) and EL4 cells
(a T lymphoma cell line, ATCC TIB-39) were obtained from the American
Type Culture Collection. Raw 264.7 cells (a murine monocytic cell line,
ATCC TIB-71) were a gift from Dr. D. Hwang (U.S. Department of Ag-

riculture Western Human Nutrition Research Center, University of Cali-
fornia, Davis, CA).

Cell culture

For microarray analysis, T lymphocytes were isolated and stimulated as
described in two independent experiments (12). Briefly, CD4� cells were
purified from RAG1�/� DO11.10 mice by positive selection using CD4-
specific magnetic beads (Dynal Biotech). These cells were stimulated with
OVA323–339 peptide (Alpha Diagnostics International) and irradiated
splenocytes from BALB/c mice as APCs. Cultures were treated with the
RXR agonist AGN194204 (10 nM in 0.1% DMSO) or 0.1% DMSO (ve-
hicle control). For RNA extraction and microarray analysis CD4�/KJ1–
26� T lymphocytes were sorted to �96% purity using a MoFlo (Dako-
Cytomation) high-speed cell sorter.

Three independent experiments were done to confirm the microarray
results and to determine whether cytokines regulating Th1/Th2 develop-
ment affected expression of putative RXR-responsive genes identified in
the microarray experiments. These experiments were done as just described
with the following treatments: 1) AGN194204 (10 nM � 0.1% DMSO)
plus neutralizing Abs for IL-4, IFN-�, and IL-12 (5 �g/ml of each Ab); 2)
AGN194204 plus isotype control Abs (5 �g/ml of each Ab); 3) vehicle
control (0.1% DMSO) plus neutralizing Abs; 4) vehicle control plus iso-
type control Abs; and 5) IL-4 (10 ng/ml � 0.1% DMSO).

In other experiments, CD4� cells were purified from draining lymph
nodes and spleens of RAG1�/� DO11.10 mice by positive selection using
CD4-specific magnetic beads and then stimulated with plate-bound anti-
CD3 (1 �g/ml; clone 145-2C11; BD Pharmingen) and anti-CD28 added to
the medium (5 �g/ml; clone 37.51; BD Pharmingen). Culture conditions
have been described previously (12).

The Th1 and Th2 cell cultures were stimulated every 2 wk with
OVA323–339 peptide Ag and irradiated splenocytes plus added IL-2 (50
U/ml). Culture conditions have been described previously (12).

mRNA analysis

DNA microarray analysis. Microarray analysis was done twice, using
RNA from two independent experiments. RNA quality and integrity was
determined using an Agilent 2100 Bioanalyzer (Agilent Technologies) and
absorbance at A260/A280. Only high-quality RNA, having a 28S/18S
rRNA ratio of 1.5:2 and an A260/280 ratio of 1.8:2, was used for further
experimentation. RNA was converted to double-stranded cDNA and to
biotin-labeled cRNA by in vitro transcription labeling with a HighYield
BioArray RNA Transcript Labeling kit (Enzo Biochem). The quality of in
vitro transcription and fragmentation products was assessed using the Agi-
lent 2100 Bioanalyzer.

We used the U74Av2 murine oligonucleotide arrays (Affymetrix) that
contain 12,488 probes representing 5,890 genes. Fifteen micrograms of
fragmented, biotin-labeled cRNA was hybridized at 45°C overnight as de-
fined in the Affymetrix7 expression analysis protocol. The hybridization
buffer contained 100 mM MES, 1 M NaCl, 20 mM EDTA, 0.01% Tween
20, four eukaryotic hybridization controls (1.5 pM BioB, 5 pM BioC, 25
pM BioD, and 100 pM cre), 0.1 mg/ml herring sperm DNA (Promega), and
0.5 mg/ml acetylated BSA. After hybridization, the arrays were washed
and stained with an Affymetrix fluidic station following the Ab Amplifi-
cation Washing and Staining Protocol (Affymetrix). Hybridization was de-
tected with streptavidin-PE and a confocal laser scanner (Affymetrix).
PCR analysis. Qualitative PCR analysis to confirm RAR and RXR ex-
pression, and quantitative PCR (qRT-PCR) analysis to compare levels of
gene expression were done as described previously (12). Primers are de-
scribed in Table I and were developed using GCG software (Genetics
Computer Group). Primers used for Bcl2 for were purchased from Bio-
Source International. qRT-PCR was performed using a LightCycler rapid
thermal cycler system with SYBR Green I dye (Roche Diagnostic Sys-
tems). RNA quality for qRT-PCR analysis was assessed as described for
microarray analysis. Melting curve analysis was used to confirm specificity
of the products. Products were cloned and sequenced during assay devel-
opment to confirm specificity.

Apoptosis analysis

Apoptotic cells were identified using flow cytometric analysis of cells
stained with PE-labeled annexin V to identify apoptotic cells and 7-ami-
noactinomycin D (7-AAD) to label permeable (dead) cells (BD Pharmin-
gen), and staining was done according to the manufacturer’s instructions
using a FACSCalibur flow cytometer (BD Pharmingen). Apoptosis assays
were performed on CD4-selected naive T lymphocytes stimulated with
anti-CD3 and anti-CD28 Ab. In one experiment, these reagents were used
to sort viable, nonapoptotic cells (annexin V�/7-AAD�) from viable, ap-
optotic cells (annexin V�/7-AAD�) using a MoFlo high-speed cell sorter.
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To determine the purity after sorting, some cells were collected into An-
nexin V Binding buffer (BD Pharmingen) to retain binding of annexin V.
Sorted cells were �90% pure.

Western blots

Cells were washed in cold PBS containing 0.5 mM PMSF before protein
extraction. Whole-cell protein extracts were prepared as follows: washed
cells were resuspended in lysis buffer (1% Nonidet P-40, 30 mM Tris-HCl
(pH 7.5), 0.5 mM EDTA (pH 8.0), 150 mM NaCl, 10% glycerol, 0.5 mM
PMSF, and 1/500 dilution of protease inhibitor solution) and were incu-
bated for 5 min on ice. The protease inhibitor solution consisted of one
complete protease inhibitor tablet (Roche Diagnostic Systems) dissolved in
250 �l of water. A total of 5 M NaCl was added to a final concentration of
400 mM, and cells were incubated for an additional 10 min on ice. Cells
were then passed through a Qiashredder (Qiagen) by centrifugation for 10
min at 20,800 � g at 4°C. Nuclear extracts were prepared as follows:
washed cells were resuspended in 100 �l of solution A (0.5% Nonidet
P-40, 10 mM HEPES (pH 7.9), 1.5 mM MgCl2, and 10 mM KCl) per
million cells and incubated for 5 min on ice. Samples were then pelleted by
centrifugation at 6800 � g at 4°C for 5 min. The pellet was resuspended
in 25 �l of solution B (20 mM HEPES (pH 7.9), 25% glycerol, 400 mM
NaCl, 1.5 mM MgCl2, 0.5 mM EDTA (pH 8), 0.2 mM PMSF, 0.5 mM
DTT, and 1/500 dilution of protease inhibitor solution) per million cells.
Samples were frozen and thawed three times and passed through a
Qiashredder as described above.

Proteins were resolved by SDS-PAGE on 4–12% gradient gels (Novex)
and transferred to nitrocellulose (Invitrogen Life Technologies). Blots were
blocked using 10% skim milk powder in PBS containing 0.1% polyoxy-
ethylenesorbitan monolaurate (Sigma-Aldrich) (PBST) overnight at 4°C.
Blots were washed three times with PBST and were blocked again in 5%
goat serum (Jackson ImmunoResearch Laboratories) in PBST overnight at
room temperature. Each blot was then probed using appropriate Abs di-
luted at 1/500 at room temperature for 1.5 h and washed three times with
PBST. After washing, the secondary Ab diluted at 1/20,000 was added and
incubation lasted another 1.5 h at room temperature. Finally, the blots were
washed three times with PBST and developed using the ECL kit (Amer-
sham Biosciences).

Reporter gene analysis

Cell lines were maintained in DMEM (Invitrogen Life Technologies) sup-
plemented with 10% FBS (FCS) (Invitrogen Life Technologies) and 1�
Antibioticum/Antimycoticum (Invitrogen Life Technologies) at 37°C in a
5% CO2/air environment. Cells for reporter assays were seeded in 24-well
plates at a density of 1.5–2.0 � 105 cells/well 1 day prior transient co-
transfections. Before transfection, the growth medium was replaced with
DMEM, supplemented with 10% charcoal/dextran-treated FBS. Per well,
3T3 cells were transfected with 500 ng of pCMX or pCMX/RXR�, 400 ng

of pGL3-basic/Bcl2a1, and 200 ng of HSP70-�-galactosidase reporter plas-
mid using LipofectAMINE 2000 (Invitrogen Life Technologies), following
the manufacturer’s instructions; Raw 264.2 cells were transfected in the
same way with 500 ng of pCMX or pCMX/RXR�, 800 ng of pGL3-basic/
Bcl2a1, and 400 ng of HSP70-�-galactosidase reporter plasmid. Twenty-
four hours after transfections, the cells were treated with DMSO, 9-cis-RA,
or AGN 194204 at 1 �M or at a range from 1 nM to 10 �M. Twenty-four
hours after treatment, the cells were harvested in reporter lysis buffer (Pro-
mega). Luciferase and �-galactosidase enzyme activities were determined
using Luciferase Assay System and �-galactosidase Enzyme Systems (Pro-
mega) following the manufacturer’s instructions. Luciferase activity was
determined by a TD-20/20 Luminometer (Turner Designs); �-galactosi-
dase activity was assayed using an ELX800 Universal Microplate Reader
(Bio-Tek Instruments).

Statistical analysis

Microarray analysis. Microarray Suite 5.0 (Affymetrix) was used to de-
termine the probe intensities and to compare expression among different
arrays; the average intensity for each array was normalized by scaling to a
target median intensity value of 125. The gene expression values were log
transformed (log base 2). Genes were ranked on t test scores, p values ( p �
0.05), and fold changes computed as actual expression values. A particular
transcript was considered significantly differentially expressed between the
groups if it had a fold change � 1.29 (RXR agonist vs vehicle control or
vice versa) and a value of p � 0.05, and this finding was concordant in the
two independent experiments. The cutoff of �1.29 was selected because
previous quantitative RT-PCR analysis (12) showed that changes of this
magnitude in Th2-enhancing genes (IL-4 and GATA-3) were both statisti-
cally significant and predicted later development of a Th2 phenotype. The
annotation of the differentially expressed genes was performed using in-
formation from the Affymetrix and National Center for Biotechnology In-
formation EntrezGene web sites.
Other statistical analysis. Statistical analysis was performed using Sig-
maStat for Windows 2.03 or 3.1 (SPSS). Multiple comparisons of RNA
levels determined by RT-PCR and percentage of apoptotic cells were made
using several methods. Paired Student’s t tests were used to control for
experiment or time within an experiment when comparing retinoid treat-
ments. One-way ANOVA was used to compare retinoid treatments within
a particular experiment. Two-way ANOVA was used to compare retinoid
treatments while controlling for the experiment when results from multiple
experiments were pooled for analysis. Three-way ANOVA was also used
to control for experiment when comparing two treatment variables, such as
retinoid treatment and partner ligand treatment, or cytokine treatment and
retinoid treatment. Two-way repeated-measure ANOVA was used to com-
pare retinoid treatments when controlling for time and experiment. Dupli-
cates to quadruplicate measurements were made within each experiment,

Table I. Sequence of primers used for RT-PCR and quantitative real-time PCR analysis

Target Gene Primer Sequence
Genbank

Accession No.
Primer Location

(from 5� end of cDNA)

RAR-� 5�-TCATGAAGTGTGACGTTGACATCCGT-3� M60909 1031–1053
5�-TTGGCGAAGGCAAAGAC-3� 1345–1329

RAR-� 5�-AAATACACCACGAATTCCAG-3� S56660 956–975
5�-TCATCCATTTCCAAAGGC-3� 1305–1288

RAR-� 5�-CATCACCAAGGTCAGCAAAG-3� X15848 882–901
5�-TCTCGGTGTCATCCATCTCC-3� 1297–1278

RXR-� 5�-AACCCCAGCTCACCAAATGACC-3� X66223 961–982
5�-AACAGGACAATGGCTCGCAGG-3� 1319–1299

RXR-� 5�-GCTCCTCATTGCGTCCTTCTCC-3� X66224 873–894
5�-CGTAACAGCAGCTTGGCAAACC-3� 1214–1193

RXR-� 5�-CCGCTGCCAGTACTGTCG-3� X66225 689–706
5�-ACCTGGTCCTCCAAGGTGAG-3� 1018–999

�-actin 5�-TCATGAAGTGTGACGTTGACATCCGT-3� NM007393 925–950
5�-CCTAGAAGCATTTGCGGTGCACGATG-3� 1209–1184

Crabp2 5�-GGAGATTAACTTCAAGATCGGGGA-3� M35523 301–324
5�-GCTAGTTTGTAAGATGGACGTGGG-3� 621–597

Bcl2a1 5�-CTTCAGTATGTGCTACAGGTACCCG-3� U23779 180–204
5�-TGGAAACTTGTTTGTAAGCACGTACAT-3� 490–465

Bcl-xL 5�-AGAAGAAACTGAAGCAGAG-3� NM009743.2 216–234
5�-TCCGACTCACCAATACCTG-3� 580–598

Hprt 5�-GTTGGATACAGGCCAGACTTTGTTG-3� NM013556 601–625
5�-GAGGGTAGGCTGGCCTATAGGCT-3� 952–930
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and experiments were repeated at least three times. A value of p � 0.05
using a two-tailed test was considered statistically significant.

Results
Expression of RAR and RXR in CD4� T lymphocytes

Treatment of naive CD4� T lymphocytes from DO11.10 mice
with RAR and RXR agonists affects Th1/Th2 memory cell devel-
opment (12, 40, 41). Therefore, we wished to determine which
RAR and RXR receptors are expressed in naive or memory CD4�

T lymphocytes from these mice. Using qualitative PCR analysis of
cDNA, we detected a single band of appropriate size for RAR-�,
RAR-�, RXR-�, and RXR-� in naive DO11.10 CD4� T lympho-
cytes (Fig. 1, top panel) and in Th1 and Th2 cells derived from
DO11.10 mice (data not shown). The cDNA sequences of these
products were essentially identical to the published sequences for
these receptors. Western blot analysis of nuclear extracts found
that RAR-�, RXR-�, and RXR-� but not RAR-�, RAR-�, or
RXR-� were present in naive CD4� T lymphocytes as well as in
the Th1 and Th2 cultures (Fig. 1, bottom panel). Although RAR-�
mRNA was found at levels similar to the other receptors, protein
was not seen in either whole cell or nuclear extracts.

RAR and RXR expression following primary stimulation of naive
CD4� T lymphocytes

We previously reported that treatment of naive DO11.10 T lym-
phocytes with the RXR agonist AGN194204 increases Th2 devel-
opment and early expression of Th2-promoting genes (12). To
determine whether expression of RAR and RXR were also affected
by this treatment, samples from these experiments were examined

by qRT-PCR. RNA levels for both RAR-� and RAR-� decreased
after antigenic stimulation (Fig. 2). No differences among the three
treatments (RXR agonist, vehicle control, IL-4) were seen for
RAR-�, but RAR-� RNA levels were higher in the IL-4 treatment
than in the vehicle control (Fig. 2). Although both RXR-� and
RXR-� mRNA levels were higher in the IL-4 treatment than in the
vehicle control after stimulation (Fig. 2), treatment with the RXR
agonist did not have a consistent effect on RAR or RXR
expression.

DNA microarray analysis following primary stimulation of naive
CD4� T lymphocytes

Comparison of cultures treated with the RXR agonist AGN194204
(100 nM) or vehicle control (0.1% DMSO) revealed differential
expression of 128 genes (Table II), 108 of which have a known
function. When examined by functional category, regulation of
cell growth and apoptosis encompassed the greatest number of
genes (16 of 108 � 15%), followed by regulation of transcription
(10 of 108 � 9%). Other functional groups (Table II) were rep-
resented at �7%/group.

Several genes known to be directly regulated by RXR homo- or
heterodimers were identified. For example, mRNA levels of the
stearoyl-CoA desaturase 1 (Scd1) gene are increased by both RAR
and RXR agonists (42). In this analysis, the mean fold-increases
for Scd1 RNA was 17.1 (Table II). The cellular retinoic acid bind-
ing protein 2 (Crabp2) gene, which contains prototypical direct
repeat (DR)1 and DR2 response elements and is up-regulated by
both RAR and RXR agonists (43), showed the greatest increase of
all genes 24-fold (Table II and Fig. 3). These observations confirm
that genes regulated by RAR and RXR can be identified from these
experiments.

This microarray analysis also confirmed our previous observa-
tions (12) that RNA levels for Th2-enhancing genes are increased
by treatment with the RXR agonist. In this analysis, these included
genes for IL-4 (1.9-fold), GATA3 (1.5-fold), IL-4R�-chain (1.4-
fold), and growth factor independent (GFI-1) (1.3-fold), although
mRNA for IL-13 was decreased (�2.8-fold). mRNA levels for
genes involved in Th1 growth and development were decreased by
treatment with the RXR agonist, including IL-2 (�1.4-fold), IL-
2R�-chain (�1.4-fold), and IL-12R�1- (�1.4-fold) and IL-
12R-�2 chains (�1.8-fold).

The high percentage of cell growth and apoptosis genes identi-
fied in this analysis was of interest for two reasons. First, retinoids
are known to regulate apoptosis in T lymphocytes, thymocytes,
and T lymphoma cells (7, 21, 44). Second, in addition to promot-
ing Th2 development, treatment with the RXR agonist
AGN194204 during primary antigenic stimulation reproducibly
caused a greater accumulation of viable cells after 1 wk of culture
than did treatment with the vehicle control. In eight independent
experiments the number of viable cells (�SD) in the RXR agonist
(10�7 or 10�8 M), IL-4 (10 ng/ml) and vehicle control (0.1%
DMSO) treatments were 3.80 � 2.78, 3.73 � 1.50, and 2.36 �
1.91 � 106 cells/ml, respectively. Cell counts in the RXR and IL-4
treatment groups were both significantly greater than the counts in
the vehicle control ( p � 0.032 and p � 0.024, respectively, by
paired Student’s t test), while the RXR agonist and IL-4 treatments
did not differ from one another ( p � 0.92). The mean fold in-
creases for the RXR and IL-4 treatments were 2.24 and 2.37,
respectively.

Because treatment with the RXR agonist increases cell number,
we examined differential expression of cell growth and apoptosis
genes in more detail. The expression of Bcl2a1 mRNA (Table II;
Fig. 3) was significantly greater in cultures treated with
AGN194204 than in the vehicle control cultures (	2-fold). Bcl2a1

FIGURE 1. Qualitative PCR and Western blot analysis of RAR and
RXR expression in naive DO11.10 T lymphocytes and in Th1 and Th2
DO11.10 cells. Naive CD4� cells were purified from lymph nodes and
spleens of DO11.10 mice by positive selection using magnetic beads. Cul-
tured Th1 and Th2 cells were purified away from irradiated APCs by Ficoll
density gradient centrifugation 7–14 days after stimulation with OVA323–

339 peptide Ag. Top panel, Expression of RAR and RXR mRNA was as-
sessed by qualitative PCR in total RNA extracted from naive T lympho-
cytes (CD4). Plasmid DNA from each gene served as a positive control.
RT-PCR mixes without template served as negative controls for each re-
action (�). Bottom panel, Nuclear extracts from naive (Th0) DO11.10 T
lymphocytes and DO11.10 Th1 and Th2 cells (Th1, Th2) were analyzed by
Western blot analysis. Cell lysates containing the appropriate baculovirus-
expressed mouse receptor protein were included as a positive control (Ctrl).
The protein content of each lane for RAR-�, RAR-�, and RXR-� were Th0
(3 �g), Th1 (0.5 �g), and Th2 (1.5 �g); for RXR-�, 15 �g were used for
each cell type.
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also stood out because of the high signal intensity for the two
Bcl2a1 probe sets (third and fourth highest of all differentially
expressed genes). These two probe sets represent the genes
Bcl2a1b and Bcl2a1d, two members of a family of four genes (also
including Bcl2a1a and Bcl2a1c, although the latter gene is not
expressed) that code for the B cell leukemia/lymphoma 2-related
protein A1 (45). These genes have high sequence identity and are
Bcl2 family members. As with Bcl2, the Bcl2a1 protein acts at the
mitochondrial level to prevent apoptosis and is known to be ex-
pressed and protective against apoptosis in naive T lymphocytes
undergoing primary Ag stimulation (33).

RXR-stimulated increase in Bcl2a1 is independent of IL-4, IL-
12, and IFN-� stimulation

To confirm the microarray results, we examined Bcl2a1 gene ex-
pression by qRT-PCR using primers that detect all Bcl2a1 family
members. In addition, because treatment with AGN194204 and
other retinoids affect Th1/Th2 cytokine production (12), neutral-
izing Abs for IL-4, IL-12, and IFN-� were included in some cul-
tures to determine whether RXR-mediated increases in Bcl2a1 ex-
pression were independent of effects on these cytokines (Fig. 4).
The mean Bcl2a1 mRNA levels in the AGN194204 treatment
groups was greater than in the vehicle control groups either in the
presence ( p � 0.001, fold increase � 1.83) or in the absence ( p �
0.001, fold increase � 2.38) of the cytokine-neutralizing Abs (Fig.
4). Treatment of cultures with IL-4 did not enhance Bcl2a1 ex-
pression (Fig. 4). These results are consistent with the findings
from the microarray studies and also indicate that RXR-induced
increases in Bcl2a1 mRNA occur independent of IL-4, IL-12, and
IFN-� stimulation.

Crabp2 mRNA levels were also analyzed in this experiment to
confirm transcriptional activity of the RXR agonist (Fig. 4). Mean
Crabp2 RNA levels following treatment were also higher com-
pared with the levels of DMSO-treated cells either in the presence
( p � 0.001, fold increase � 4.11) or in the absence ( p � 0.001;
fold increase � 5.58) of the cytokine-neutralizing Abs. Treatment
with the RXR agonist produced no consistent, statistically signif-
icant differences in hypoxanthine guanine phosphoribosyl trans-
ferase (Hprt) mRNA levels either in the presence or absence of
neutralizing Ab (Fig. 4). This result was also consistent with our
microarray studies (Fig. 3).

Time course of Bcl2a1 RNA expression: effect of AGN194204
and 9-cis-retinoic acid

The expression of Bcl2a1 is induced in T lymphocytes by stimu-
lation via the TCR complex. Expression peaks before 24 h and
then decreases by 48 h (17, 46). Purified CD4� DO11.10 T lym-
phocytes were stimulated with anti-CD3 plus anti-CD28 Ab in the
presence of AGN194204, the natural RXR agonist 9-cis-retinoic
acid (100 nM), or vehicle control (0.1% DMSO). Bcl2a1 mRNA
levels were greatest at 20 h in cells treated with vehicle only (Fig.
5). The pattern was similar following retinoid treatments.
AGN194204 significantly increased Bcl2a1 expression at both
20 h (41% higher) and 44 h (38% higher). The effect of 9-cis-
retinoic acid on Bcl2a1 expression was similar to that of
AGN194204 (Fig. 5), although the magnitude of the effect was
less. At 20 and 44 h following 9-cis-retinoic acid treatment, the
increases in Bcl2a1 expression over the vehicle control were 23
and 42%, respectively ( p � 0.027, paired t test). Crabp2 RNA
expression was examined as a positive control for the retinoid

FIGURE 2. qRT-PCR analysis of
RAR and RXR expression in naive
DO11.10 T lymphocytes sorted to
�96% purity 64 h following primary
antigenic stimulation with irradiated
splenocytes and OVA323–339 peptide
Ag. Cultures were treated at the time
of stimulation with the RXR agonist
AGN194204 (10 nM in 0.1% DMSO),
IL-4 (10 ng/ml in 0.1% DMSO), or
vehicle control (0.1% DMSO). Data
are mean values of duplicate mea-
surements from two independent ex-
periments. Significant differences
among the treatment means at each
time point were determined by two-
way ANOVA (analyzed by treatment
group and experiment using all pair-
wise comparisons and Bonferroni’s
correction). Means that are signifi-
cantly different from one another at
the same time point do not share the
same superscript letter (a, b, and c).
Expression of other mRNAs has been
published previously from these
samples (12).
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Table II. Genes differentially expressed in sorted (�96% purity) naive DO11.10 T lymphocytes 64 h after antigenic stimulation (using irradiated
splenocytes plus OVA323–339 peptide) and treatment with the RXR agonist AGN194204 (10 nM) or vehicle control (0.1% DMSO)

Gene Designation and Namea Process (function)a Chra
Fold

Changeb
RXR

Agonistb
Vehicle
Controlb

Gene
(GenBank)

Probe Set
(Affymetrix)

Crabp2, cellular retinoic acid binding
protein II

Transport (lipid binding) 2 24.50 698 33 M35523 100127_at

Spp1, secreted phosphoprotein 1 Cell adhesion (cytokine activity) 5 19.03 146 17 X13986 97519_at
Scd1, stearoyl-CoA desaturase 1 Fatty acid biosynthesis 19 17.10 63 14 M21285 94057_g_at
Adam 19, a disintegrin and

metalloproteinase domain 19
Proteolysis and peptidolysis 11 5.87 161 27 AA726223 103554_at

Camk2d, calcium/calmodulin-
dependent protein kinase II, �

G1-S transition,
autophosphorylation, Ca
transport

3 4.26 36 13 AF059029 93214_at

Phlda1, pleckstrin homology-like
domain, family A, member 1

Apoptosis, FasL biosynthesis 10 3.38 281 85 U44088 160829_at

Plac8, placenta-specific 8 5 2.96 571 201 AA790307 98092_at
Pdcd4, programmed cell death 4 Apoptosis (DNA topoisomerase) 19 2.55 396 156 D86344 103029_at
Scd2, stearoyl-CoA desaturase 2 Fatty acid biosynthesis 19 2.48 1361 552 M26270 95758_at
Stra6, stimulated by retinoic acid

gene 6
9 2.45 177 73 AF062476 102258_at

Dscr1l2, down syndrome critical
region gene 1-like 2

(calcium-mediated signaling) 4 2.37 194 89 AI847661 102374_at

A630084M22Rik Riken cDNA Intracellular protein transport,
small GTPase mediated
signal transduction

1 2.26 219 99 AI846023 92185_at

IL-4, interleukin 4 B cell activation, immune
response (cytokine, growth
factor)

11 2.23 72 38 X03532 92283_s_at

H1f0, H1 histone family, member 0 Chromosome organization,
biogenesis; nucleosome
assembly

15 2.10 859 411 M29260 95419_at

Adfp, adipose differentiation related
protein

4 2.04 245 122 M93275 98589_at

Bcl2a1d, B cell leukemia-lymphoma
2 related protein A1d

Apoptosis 1.99 2197 1104 U23781 93869_s_at

Sema4b, sema domain, Ig,
transmembrane (TM) and short
cytoplasmic domain, (semaphorin)
4B

Development, neurogenesis
(receptor)

7 1.95 122 61 AA266467 95387_f_at

Scd1, stearoyl-CoA desaturase 1 Fatty acid biosynthesis 19 1.95 99 52 M21285 94056_at
Nrip1, nuclear receptor interacting

protein 1
Regulation of transcription from

Pol II promoter (corepressor)
16 1.95 186 96 AF053062 103288_at

Cotl1, coactosin-like 1
(dictyostelium)

(actin binding, protein binding) 8 1.94 509 307 AI837006 95466_at

IL-4, interleukin 4 B cell activation, immune
response (cytokine, growth
factor)

11 1.91 129 73 M25892 AFFX-
MurIL4_at

Hic1, hypermethylated in cancer 1 Development, regulation of
transcription, DNA-dependent

11 1.84 304 167 AW048074 104462_at

Itgb2, integrin � 2 Cell and cell-matrix adhesion,
extravasation, integrin-
midated signaling

10 1.84 286 156 M31039 102353_at

Gp49a, glycoprotein 49 A 10 1.82 68 37 M65027 100325_at
Bcl2a1b B cell leukemia-lymphoma

2-related protein A1b
Apoptosis 9 1.81 2299 1272 U23778 102914_s_at

Acaa2, acetyl-CoA acyltransferase 2
(mitochondrial 3-oxoacyl-CoA
thiolase)

Fatty acid metabolism 18 1.75 1174 678 AI849271 95064_at

Pros1, protein S (�) Blood coagulation (Ca binding) 16 1.75 100 57 L27439 104728_at
Gzmb, granzyme B Apoptosis, cytolysis

(endopeptidase)
14 1.74 305 188 M12302 102877_at

Itm2a, integral membrane protein 2A X 1.73 221 128 L38971 93511_at
Npc2, Niemann Pick type C2 12 1.73 2353 1362 AB021289 160344_at
Fnbp1, formin binding protein 1 (protein binding) 2 1.71 142 84 AW046460 103638_at
IL-4, interleukin 4 B cell activation, immune

response (cytokine, growth
factor)

11 1.66 143 87 AA967539 92286_g_at

Xbp1, X-box binding protein 1 Regulation of transcription,
DNA-dependent

11 1.61 299 188 AW123880 94821_at

Cpt1a, carnitine palmitoyltransferase
1a, liver

Fatty acid metabolism, transport 19 1.59 408 256 AF017175 93320_at

3732413l11Rik Riken cDNA 11 1.57 235 150 AI047107 96104_at
Itgb7, integrin � 7 Cell and cell-matrix adhesion,

extravasation, integrin-
medated signaling

15 1.56 326 209 M68903 100906_at

Cst3, cystatin C (cysteine protease inhibitor
activity)

2 1.56 838 540 U10098 99586_at

Eno3, enolase 3, beta muscle Glycolysis 11 1.55 450 303 X61600 96344_at
Penk1, preproenkephalin 1 Behavioral fear response,

perception of pain (cytokine)
4 1.53 3283 2159 M55181 94516_f_at

Igh-6, Ig H chain 6 (H chain of IgM) B cell proliferation, positive
regulation (antigen binding)

12 1.51 193 129 V00821 93584_at

Bnip3l, BCL2/adenovirus E1B 19
kDa-interacting protein 3-like

Apoptosis 14 1.51 231 153 AF067395 96255_at

Wbp5, WW domain binding protein
5

X 1.50 210 141 U92454 100522_s_at

Rgs10, regulator of G-protein
signaling 10

Signal transduction 7 1.49 311 208 AI847399 160629_at

Ldb3, LIM domain binding 3 Intracellular signaling cascade 14 1.49 529 352 AF053367 100554_at
Atp1a1, ATPase, Na�/K�

transporting, � 1 polypeptide
Ion transport, K and Na,

metabolism (ATPase activity)
3 1.49 1247 839 AW123952 93797_g_at

Gata3, GATA binding protein 3 Cell fate determination,
regulation of transcription
(DNA-dependent)

2 1.47 1029 700 X55123 100924_at

Nsmaf, neutral sphingomyelinase
(N-SMase) activation associated
factor

(death receptor binding) 4 1.45 116 80 AF013632 160826_at

(Table continues)
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Table II. Continued

Gene Designation and Namea Process (function)a Chra
Fold

Changeb
RXR

Agonistb
Vehicle
Controlb

Gene
(GenBank)

Probe Set
(Affymetrix)

Cyb5, cytochrome b-5 Fatty acid metabolism (stearoyl-
CoA 9-desaturase activity),
electron transport

18 1.45 458 322 AI854779 98533_at

Cd3e, CD3 antigen, � polypeptide Cell surface receptor linked
signal transduction

9 1.45 900 623 M23376 102971_at

6330442E10Rik RIKEN cDNA 12 1.44 181 126 AI844839 103424_at
Dgka, diacylglycerol kinase, � Intracellular signaling cascade,

protein kinase C activation
10 1.44 450 313 AF085219 103596_at

Ccng2, cyclin G2 Cell cycle, cytokinesis, mitosis
(cyclin dependent protein
kinase regulator)

5 1.44 116 82 U95826 98478_at

Lamp1, lysosomal membrane
glycoprotein 1

8 1.43 1353 947 M32015 160089_at

2610016F04Rik RIKEN cDNA Regulation of transcription,
DNA-dependent

14 1.43 223 157 AA867655 98894_at

IL-4ra, interleukin 4 receptor, � Cell surface receptor linked
signal transduction

7 1.42 641 455 M27960 102021_at

Foxp1, forkhead box P1 Regulation of transcription
(repressor), negative, DNA-
dependent

6 1.42 203 143 AA833293 104415_at

Atp1a1, ATPase, Na�/K�

transporting, �1 polypeptide
Ion transport, K and Na,

metabolism (ATPase activity)
3 1.42 1699 1198 AI839988 93798_at

cDNA 1.41 167 119 AI098965 92233_at
Lrmp, lymphoid-restricted membrane

protein
6 1.41 436 309 U10484 101835_at

Elovl5, ELOVL family member 5,
elongation of long chain fatty
acids (yeast)

9 1.41 602 428 AI852098 93496_at

Fdx1, ferredoxin 1 Electron transport 9 1.40 386 281 L29123 92587_at
Csrp1, cysteine and glycine-rich

protein 1
Actin cytoskeleton organization

and biogenesis
1 1.40 440 317 D88793 92608_at

Hmgb3, high mobility group box 3 DNA packaging, regulation of
transcription, DNA-dependent

X 1.37 1500 1092 AF022465 98038_at

Csrp1, cysteine and glycine-rich
protein 1

Actin cytoskeletal organization
and biogenesis

1 1.37 426 312 AI837625 160065_s_at

cDNA 1.31 204 156 AI451153 101884_at
2510027N19Rik RIKEN cDNA (intracellular signaling cascade) 7 1.31 449 343 AI838320 100057_at
Gfi1, growth factor independent 1 Regulation of transcription,

DNA-dependent
5 1.31 305 236 U58972 103259_at

Anxa11, annexin A11 (calcium-dependent
phosphatidylethanolamine
binding)

14 1.31 363 277 U65986 102815_at

Atf3, activating transcription factor 3 Gluconeogenesis, regulation of
transcription (DNA-
dependent)

1 �1.32 127 168 U19118 104156_r_at

Traf4, TNFR-associated factor 4 Apoptosis, development (zinc
ion binding)

11 �1.32 195 268 X92346 100005_at

C330018J07Rik RIKEN cDNA 16 �1.32 208 275 AI839212 160676_at
Aebp2, AE binding protein 2 Regulation of transcription,

DNA-dependent
6 �1.32 307 407 AW120832 94869_at

Ezh2, enhancer of zeste homolog 2
(Drosophila)

Regulation of transcription,
DNA-dependent; histone
methylation

6 �1.34 507 680 U52951 99917_at

IL-2ra, interleukin 2 receptor, �
chain

T cell homeostasis, cell surface
receptor linked signal
transduction

2 �1.35 217 307 M26271 101917_at

Stat5b, signal transducer and
activator of transcription 5B

Regulation of transcription,
DNA-dependent; signal
transduction

11 �1.36 417 567 AJ237939 100423_f_at

Clic4, chloride intracellular channel
4 (mitochondrial)

Ion transport, Cl (voltage-gated
ion channel)

4 �1.36 327 444 AI845237 94255_g_at

Epb4.1, erythrocyte protein band 4.1 Actin cytoskeleton organization
and biogenesis

4 �1.36 140 190 L00919 160379_at

IL-2rb1, interleukin 12 receptor, �1 Cell surface receptor linked
signal transduction

8 �1.37 77 107 U23922 98240_at

Man1a, mannosidase 1, � Carbohydrate metabolism, N-
linked glycosylation

10 �1.37 196 270 AI021125 160579_at

Gpr65, G protein-coupled receptor
65

G protein-coupled receptor
protein signaling pathway

12 �1.37 390 536 U39827 96553_at

Mus, musculus similar to serine
protease OMI (LOC384447),
mRNA

(trypsin;trypsin activity;7.1e-19) �1.38 209 289 AW047978 104102_at

IL-2, interleukin 2 Cell proliferation, immune
response (cytokine, growth
factor)

3 �1.39 1863 2572 M16762 AFFX-
MurIL2_at

Cd24a, CD24a Ag Defense response 10 �1.41 150 212 M58661 100600_at
Slc3a2, solute carrier family 3

(activators of dibasic and neutral
amino acid transport), member 2

Carbohydrate metabolism 19 �1.41 718 1017 X14309 99133_at

GAPDH, glyceraldehyde-3-phosphate
dehydrogenase

Glycolysis 6 �1.41 256 362 D50430 98984_f_at

Bzw2, basic leucine zipper and W2
domains 2

Regulation of translational
initiation

12 �1.44 916 1316 AW060951 95462_at

Eed, embryonic ectoderm
development

Imprinting (protein binding) 7 �1.44 233 335 U78103 103342_at

Lgals1, lectin, galactose binding,
soluble 1

Cell adhesion, heterophilic 15 �1.45 2464 3578 X15986 99669_at

cDNA (Ribosomal_S18;structural
constituent of ribosome;4.3e-
07)

�1.46 430 625 AI846849 95159_at

Csf2, colony-stimulating factor 2
(granulocyte-macrophage)

Cytokine and chemokine
mediated signaling pathway

11 �1.47 186 287 X03020 92948_at

Furin, furin (paired basic amino acid
cleaving enzyme)

Proteolysis (serine-type
endopeptidase)

7 �1.47 494 729 X54056 100515_at

(Table continues)
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Table II. Continued

Gene Designation and Namea Process (function)a Chra
Fold

Changeb
RXR

Agonistb
Vehicle
Controlb

Gene
(GenBank)

Probe Set
(Affymetrix)

Cd6, CD6 Ag Cell adhesion (scavenger
receptor)

19 �1.48 325 481 U12434 92204_at

Cd98, CD98 Ag Defense response 19 �1.48 667 986 AB017189 104221_at
Ifi47, interferon �-inducible protein Defense response (GTP-binding) 11 �1.48 116 172 M63630 104750_at
Anxa2, annexin A2 (calcium ion binding, calcium-

dependent phospholipid
binding)

9 �1.50 342 513 M14044 100569_at

Pim1, proviral integration site 1 Cell growth, maintenance
(serine/threonine kinase)

17 �1.53 535 814 AA764261 104533_at

Aim1, absent in melanoma 1 10 �1.55 260 404 AA711704 103443_at
Scin, scinderin (actin binding) 12 �1.57 59 92 U04354 103715_at
Clic4, chloride intracellular channel

4 (mitochondrial)
Ion transport, Cl (voltage-gated

ion channel)
4 �1.57 498 786 AI849533 94256_at

Hk2, hexokinase 2 Glycolysis 6 �1.60 481 783 Y11666 94375_at
Gadd45b growth arrest and DNA

damage-inducible 45�
Apoptosis, cell differentiation,

regulation of protein kinase
activity

10 �1.60 143 226 X54149 102779_at

Tap1, transporter 1, ATP-binding
cassette, subfamily B (MDR/TAP)

Immune response, oligopeptide
transport

17 �1.61 483 778 U60020 103035_at

Ccl3, chemokine (C-C motif) ligand
3

Chemotaxis 11 �1.62 226 368 J04491 102424_at

Emp3, epithelial membrane protein 3 Cell growth 7 �1.62 462 751 U87948 93593_f_at
Emp1 epithelial membrane protein 1 Cell growth 6 �1.68 33 55 X98471 97426_at
cDNA �1.71 399 683 AV109962 162482_at
IL-2rb interleukin 2 receptor, � chain Cell surface receptor linked

signal transduction
15 �1.75 78 136 M28052 100764_at

cDNA �1.75 681 1195 AI846118 98910_at
5830443C21Rik RIKEN cDNA 19 �1.77 77 142 AA919750 103508_at
Irf1, interferon regulatory factor 1 Regulation of transcription

(DNA binding), immune
response

11 �1.78 161 284 M21065 102401_at

Cd6, CD6 Ag Cell adhesion (scavenger
receptor)

19 �1.79 544 975 U37543 92203_s_at

Prnp, prion protein Cu homeostasis, nucleic acid
metabolism, response to
oxidative stress

2 �1.86 139 262 M18070 100606_at

Gbp2, guanylate nucleotide binding
protein 2

Immune response (GTPase
activity)

3 �1.91 151 298 AJ007970 104597_at

Ccl4, chemokine (C-C motif) ligand
4

Chemotaxis 11 �1.92 163 318 X62502 94146_at

Copeb, core promoter element
binding protein

(DNA binding, nucleic acid
binding, zinc ion binding)

13 �1.98 190 376 AW049031 98083_at

Cd5, CD5 Ag (MHC protein binding,
exogenous peptide antigen
binding, scavenger receptor
activity)

19 �2.04 267 541 M15177 93637_at

IL-3, interleukin 3 Immune response (cytokine,
growth factor)

11 �2.06 544 1119 K01668 94086_at

cDNA (Ribosomal_L7Ae; structural
constituent of ribosome;1.9e-
20)

�2.06 329 680 AV138783 161666_f_at

Rab6ip1, Rab6 interacting protein 1 (Rab interactor activity, protein
binding)

7 �2.08 136 286 AJ245569 104108_at

Tgtp, T cell specific GTPase (GTP binding) 11 �2.10 210 462 L38444 102906_at
IL-7r interleukin 7 receptor Cell surface receptor-linked

signal transduction
15 �2.11 30 63 M29697 99030_at

1110019C08Rik RIKEN cDNA 16 �2.17 121 269 AI838249 160228_at
Ifitm3, interferon-induced

transmembrane protein 3
Immune response 7 �2.22 554 1227 AW125390 160253_at

Igtp, interferon �, induced GTPase (GTPase activity) 11 �2.22 224 524 U53219 160933_at
2310047C17Rik RIKEN cDNA Intracellular signaling cascade 19 �2.59 107 276 AA657044 160255_at
IL-13, interleukin 13 Immune response (cytokine,

growth factor)
11 �2.75 247 663 M23504 94168_at

Ramp3, receptor (calcitonin) activity
modifying protein 3

G protein-coupled receptor
protein signaling pathway

11 �2.90 203 588 AJ250491 92368_at

IL-1r2, interleukin 1 receptor, type II Cell surface receptor linked
signal transduction (blocking
receptor)

1 �2.93 42 122 X59769 102658_at

Atf3, activating transcription factor 3 Gluconeogenesis, regulation of
transcription (DNA-
dependent)

1 �2.97 95 281 U19118 104155_f_at

Gbp1, guanylate nucleotide binding
protein 1

Immune response (GTPase
activity)

3 �3.07 103 295 M55544 95974_at

Lta, lymphotoxin A Cell growth, maintenance,
proliferation; cellular defense

17 �3.11 102 318 M16819 102630_s_at

Icos, inducible T cell co-stimulator (MHC protein binding,
exogenous peptide antigen
binding)

1 �3.78 59 220 AB023132 98282_at

IL-17, interleukin 17 (cytokine activity) 1 �3.98 11 54 U35108 99349_at
Gja1, gap junction membrane

channel protein alpha 1
Cell communication, cell-cell

signaling
10 �4.04 9 36 M63801 100064_f_at

IL-9, interleukin 9 Immune response (cytokine,
growth factor)

13 �4.52 51 237 M30136 96574_at

Lmna, lamin A (protein binding, structural
molecule activity)

3 �7.84 84 666 D49733 98059_s_at

a Gene name, functional information, and chromosome location (Chr) from National Center for Biotechnology Information EntrezGene (
www.ncbi.nlm.nih.gov/Entrez�).
b Gene expression (arbitrary fluorescence units) are mean values from duplicate experiments for the RXR agonist treatment and vehicle control treatment from matched

Affymetrix U74Av2 murine microarray chips; fold change (RXR/control) was calculated for each matched pair, and the mean is reported here. The range of mean signals for
these probe sets was from 9 to 3578. The overall mean � SD was 434 � 509, and the median (25th, 75th percentile) was 279 (142,518). Of the probe sets showing RXR
agonist-induced increases (n � 68), the mean and median signal ratios (RXR/vehicle) were 2.62 � 3.93 and 1.60 (1.40, 1.95) with a range of 1.3 to 24.5. Of those showing
decreases (n � 68), the mean and median ratios (vehicle/RXR) were 2.00 @ 1.01 and 1.60 (1.40, 2.10) with a range of 1.3 to 7.8.
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treatments. Both treatments significantly increased Crabp2 expres-
sion over levels seen in the vehicle control (Fig. 5).

Effect of RXR partner ligands on Bcl2a1 RNA expression

RXR may regulate Bcl2a1 expression by forming a heterodimer
with a permissive partner receptor. Such receptors include the vi-
tamin D receptor (VDR, NR1I1), thyroid hormone receptor (TR,
NR2C), farnesoid X receptor (FXR, NR1H4), liver X receptor
(LXR, NR1H), RAR (NR1B), PPAR (NR1C) (47). Thus, treat-
ment of T lymphocytes with the partner ligand alone might in-
crease Bcl2a1 expression. To test this hypothesis, cultures of naive
CD4� DO11.10 T lymphocytes were stimulated with anti-CD3
and anti-CD28 Abs and treated with partner-receptor ligands (100
nM 1,25(OH)2 vitamin D3, 100 nM 3,3�,5-tri-iodothyronine, 50
�M chenodeoxycholic acid, 5 �M 22(R)-hydroxycholesterol, 100
nM all-trans-retinoic acid, and 100 nM ciglitazone) in the presence
the RXR agonist AGN194204 (100 nM) or vehicle control (0.1%
DMSO). In four independent experiments, treatment with
AGN194204 alone significantly increased Bcl2a1 expression
above the level seen with the vehicle control, as was expected, but
none of the partner ligands used alone significantly increased
Bcl2a1 expression (data not shown). Treatment with each partner
ligand in combination with the RXR agonist also significantly in-
creased Bcl2a1 expression above the level seen with the vehicle
control, but none of these combinations significantly increased
Bcl2a1 expression above the level seen with AGN194204 alone
(data not shown). Thus, these ligands for VDR, TR, FXR, LXR,
RAR, and PPAR-� do not increase Bcl2a1 mRNA under these
experimental conditions.

RXR agonist decreases T lymphocyte apoptosis following
primary stimulation

Because Bcl2a1 inhibits apoptotic death of naive T lymphocytes
following antigenic stimulation, we anticipated that treatment of
stimulated T lymphocytes with AGN194204 would also decrease

apoptosis. To test this hypothesis we treated CD4� DO11.10 T
lymphocytes (stimulated with anti-CD3 and anti-CD28 Ab) with
the RXR agonist AGN194204 or vehicle control (0.1% DMSO),
stained cells with PE-labeled annexin V and 7-AAD, and analyzed
cells by flow cytometry. The percentage of cells positive for both
annexin V and 7-AAD was lower in the RXR agonist-treated cul-
tures at all time points. These differences were statistically signif-
icant by two-way ANOVA at 24 h ( p � 0.001, n � 3 experiments)
and 48 h ( p � 0.001, n � 3 experiments) but not at 72 h (n � 2
experiments) (Fig. 6, top panel). The percentage of cells earlier in
apoptosis, which stained only positive for annexin V but not for
7-AAD, did not differ at 24 h, but there was significantly less

FIGURE 3. mRNA expression from two independent experiments (chip
1, chip 2) measured by microarray analysis (as described in Materials and
Methods) following treatment with the RXR agonist AGN194204 (10 nM
in 0.1% DMSO) or vehicle control (0.1% DMSO) in naive DO11.10 T
lymphocytes sorted to �96% purity 64 h following primary antigenic stim-
ulation with irradiated splenocytes and OVA323–339 peptide Ag. The range
of mean signals for the 136 probe sets that showed differential expression
(see Results) was from 9 to 3578. The overall mean � SD was 434 � 509,
and the median (25th, 75th percentile) was 279 (142, 518). The Bcl2a1b,
Bcl2a1d, and Crabp2 genes were selected as significantly different in both
experiments, whereas the Hprt gene was not.

FIGURE 4. mRNA expression of Bcl2a1, Crabp2, and Hprt measured
by qRT-PCR in naive DO11.10 T lymphocytes sorted to �96% purity 64 h
following primary antigenic stimulation with irradiated splenocytes and
OVA323–339 peptide Ag. At the time of antigenic stimulation, cultures were
treated with the RXR agonist AGN194204 (10 nM in 0.1% DMSO) or
vehicle control (0.1% DMSO) either with neutralizing Abs for IL-4, IFN-�,
and IL-12 (neutralizing Abs) or with isotype control Abs (5 �g/ml each) or
with IL-4 (10 ng/ml). Results are the mean (�SE) from three independent
experiments. Two-way ANOVA comparing RNA levels for the RXR ag-
onist vs vehicle control within Ab treatments showed that RNA levels for
the RXR agonist treatment were greater than for the vehicle control for
Bcl2a1 and Crabp2 for both Ab treatments (p � 0.001). Neither difference
was significant (p � 0.05) for Hprt RNA.
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apoptosis in cultures treated with the RXR agonist at both 48 and
72 h ( p � 0.001) (Fig. 6, bottom panel). Thus, treatment with the
RXR agonist decreased apoptosis of naive T lymphocytes during
initial stimulation via the TCR with CD28-mediated costimulation.

Growth factor deficiency may contribute to apoptosis of T lym-
phocytes following antigenic stimulation. To determine whether
growth factor deficiency was a factor in these experiments, we
measured the effect of AGN194204 and 9-cis-retinoic acid on ap-
optosis 48 h after stimulation in the presence of IL-2 or IL-4 or
without cytokine. The percentage of cells undergoing apoptosis was
highest without cytokine (43.6%), significantly lower with IL-2 treat-
ment (41.4%) and (significantly) lower still with IL-4 treatment
(37.2%) (Fig. 7). Both AGN194204 and 9-cis-retinoic acid signifi-
cantly decreased the percentage of cells that were positive for both
annexin V and 7-AAD with our without cytokine treatment (Fig. 7).
Thus, the effect of these RXR agonists on protection from apoptosis
is independent of treatment with IL-2 and IL-4.

Effect of AGN194204 and 9-cis-retinoic acid on Bcl2 and Bcl-xL

expression

Because Bcl2 and Bcl-xL are antiapoptotic genes that act in a man-
ner similar to Bcl2a1, we examined the effect of retinoid treatment
on their expression in stimulated T lymphocyte cultures (Fig. 5).
Bcl2 expression was highest at 2 h and decreased steadily through
20 and 44 h, but the RXR agonists AGN194204 and 9-cis-retinoic

acid had no significant effects on Bcl2 expression. Bcl-xL expres-
sion was lowest at 2 h, increased by 20 h, and then decreased
slightly by 44 h. Neither RXR agonist significantly affected Bcl-xL

expression (Fig. 5). Thus, these RXR agonists did not affect ex-
pression of the antiapoptotic genes Bcl2 and Bcl-xL.

Bcl2a1 RNA expression is higher in nonapoptotic than apoptotic
T lymphocytes

Given the direct effect of Bcl2a1 on protection from apoptosis in
naive T lymphocytes (17), we anticipated that Bcl2a1 mRNA lev-
els would be higher in nonapoptotic than in apoptotic cells (i.e., the
ratio in sorted cells would be �1.0). To confirm this expectation,
we stimulated naive DO11.10 T lymphocytes with anti-CD3 and
anti-CD28 Abs, separated viable, nonapoptotic cells (annexin V�/
7-AAD�) from viable, apoptotic cells (annexin V�/7-AAD�) by
cell sorting, and measured Bcl2a1 expression by qRT-PCR 24, 48,
and 72 h after stimulation. Cultures were treated with AGN194204
(100 nM) or vehicle control (0.1% DMSO), and one sample from
each treatment was sorted and analyzed at each time point. The
overall mean ratio (�SD) of Bcl2a1 mRNA levels in nonapoptotic
vs apoptotic cells was 3.97 � 1.20 (n � 6), significantly greater
than 1.0 ( p � 0.002 by paired Student’s t test controlling for time
point). The ratios increased over time (2.8, 4.4, and 4.7 at 24, 48,
and 72 h) but did not differ by retinoid treatment. Thus, nonapop-
totic cells from both treatments had higher Bcl2a1 expression than

FIGURE 5. Effect of the RXR agonists AGN194204 and 9-cis-retinoic acid on Bcl2a1, Bcl2, Bcl-xL, and Crabp2 gene expression in T lymphocytes.
CD4� T lymphocytes were purified by positive selection from RAG�/� DO11.10 mice. Cells were treated with the RXR agonists AGN194204 (100 nM
in 0.1% DMSO), 9-cis-retinoic acid (100 nM in 0.1% DMSO), or vehicle (0.1% DMSO) and stimulated with anti-CD3 and anti-CD28 Ab at 0 h. RNA
was extracted at 2, 20, and 44 h, and mRNA levels were determined using qRT-PCR. Each data point represents the mean � SE from five independent
experiments. Two-way repeated measures ANOVA of all treatments and time points was used to determine whether the retinoid treatments differed
significantly from the vehicle control. Significant differences (p � 0.05) for the AGN194204 treatment were seen for Crabp2 (p � 0.005) and Bcl2a1 (p �
0.004). For 9-cis-retinoic acid a significant difference was seen for Crabp2 (p � 0.009) and for Bcl2a1 when 24 and 48 h were analyzed separately by a
paired t test (p � 0.027).
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apoptotic cells, consistent with the known antiapoptotic activity of
Bcl2a1. Crabp2 mRNA levels were examined and no differences in
expression ratios were found between nonapoptotic and apoptotic
cells (mean ratio 1.06 � 0.44, p � 0.74), as would be expected for
a gene not known to be involved in apoptosis.

AGN194204 and 9-cis-retinoic acid increase transcription from
the Bcl2a1 promoter

Because both AGN194204 and 9-cis-retinoic acid increased
Bcl2a1 mRNA levels in stimulated T lymphocytes, we wished to
determine whether the 5�-regulatory region of Bcl2a1 responds
directly to treatment with these RXR agonists. Therefore, we ex-
amined the effects of AGN194204 and 9-cis-retinoic acid on the
ability of 2.0 kb of genomic DNA found immediately upstream of
the Bcl2a1 structural gene to regulate expression of a luciferase
reporter gene. This region contains several transcription factor
binding sites or importance to regulation of Bcl2a1 gene expres-
sion (39). Because the effect of retinoids on transcription may vary
by cell type, we initially attempted to transfect this reporter con-
struct into primary T lymphocytes and a T lymphocyte line (EL4).

Efficiencies were very low (data not shown) so we used murine
macrophage (Raw) and fibroblast (3T3) cell lines.

In both Raw and 3T3 cells, we found that luciferase activity was
increased significantly by treatment with either AGN194204 or 9-cis-
retinoic acid. As shown in Fig. 8, 9-cis-retinoic acid increased lucif-
erase activity by 103% in Raw cells and 91% in 3T3 cells. When an
expression plasmid for RXR-� was cotransfected with the reporter
plasmid, basal expression in the Raw and 3T3 cells was 70 and 416%
higher than without the expression plasmid. Addition of 9-cis-retinoic
acid again increased luciferase activity in the presence of the reporter
plasmid by 136% in Raw cells and by 103% in 3T3 cells. The effect
of different concentrations of 9-cis-retinoic acid and AGN194204 on
transcriptional activity was assessed in 3T3 cells. Both retinoids
showed an ability to increase luciferase activity at low concentrations
(1 nM for 9-cis-retinoic acid and 10 nM for AGN194204) and a dose-
response effect was seen at higher concentrations, with the maximum
increase being 94% for 9-cis-retinoic acid and 52% for AGN194204.
Thus, the Bcl2a1 promoter is responsive to retinoids at physiologi-
cally relevant concentrations.

Discussion
Many nuclear receptors are expressed in T lymphocytes, including
RAR, RXR, PPAR, VDR, ROR-� (NR1F3), Nur77 (NR4A1), and
Nor1 (NR4A3) (7, 10, 48, 49). In TCR-transgenic DO11.10 T
lymphocytes, we detected mRNA for RAR-�, RAR-�, RXR-�,
and RXR-�. Protein was also detected for three of these four re-
ceptors, with the exception of RAR-�. It is possible that our West-
ern blot analysis was not sensitive enough to detect RAR-�, al-
though RNA levels for RAR-� and RAR-� were similar. Other
investigators report the presence of RAR-� mRNA in T lympho-
cytes and biological activity for RAR-�-selective ligands (24). To

FIGURE 6. Percentage of apoptotic cells among CD4-selected, naive
DO11.10 T lymphocytes stimulated with anti-CD3 and anti-CD28 Abs and
treated with an RXR agonist (100 nM AGN194204) or vehicle control
(0.1% DMSO) (�SE). Top panel, Dead cells in the lymphocyte gate (iden-
tified by forward scatter, side scatter analysis) were identified by flow
cytometric analysis as double positive for annexin V and 7-AAD (annexin
V�-7AAD�). Bottom panel, Viable apoptotic cells in the lymphocyte gate
were identified as positive for annexin V and negative for 7-AAD (annexin
V�/7AAD�). Data are from three independent experiments. An asterisk
(�) indicates significant differences (p � 0.05) between treatments at the
indicated times as identified by two-way ANOVA.

FIGURE 7. Percentage of apoptotic cells among CD4-selected, naive
DO11.10 T lymphocytes 48 h after stimulation with anti-CD3 and anti-
CD28 Abs (�SE). Apoptotic cells were identified by flow cytometric anal-
ysis following annexin V and 7-AAD staining. Cultures were treated with
IL-4 (20 ng/ml), IL-2 (50 ng/ml), or vehicle control (PBS), in combination
with AGN194204 (100 nM in 0.1% DMSO), 9-cis-retinoic acid (100 nM
in 0.1% DMSO), or vehicle control (0.1% DMSO). The percentage of
apoptotic cells (annexin V�-7-AAD�) in the lymphocyte gate by forward
scatter and side scatter analysis was measured by flow cytometric analysis.
Data are from three independent experiments and were compared by three-
way ANOVA (comparing retinoid treatment, cytokine treatment, and ex-
periment). The means for the three cytokine treatments were all signifi-
cantly different from one another. Within cytokine treatments, bars with
different superscript letters (a, b, and c) are significantly different from one
another. a, p � 0.001; b, p � 0.01; c, p � 0.05.
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our knowledge, RAR-� protein has not been identified in T lym-
phocytes by Western blot analysis, thus the significance of RAR-�
RNA levels in these cells remains uncertain.

RAR mRNA levels decreased after antigenic stimulation while
RXR mRNA levels increased (with IL-4 treatment) or remained
stable, suggesting a requirement for RXR-mediated signaling in
developing memory T lymphocytes. Increased RXR-� expression
has also been reported following TCR stimulation in proliferating
human T lymphocytes (50), although stimulation of resting human
T lymphocytes decreases RXR-� mRNA and protein levels (51).
The latter situation is more analogous to the present study, al-
though our murine, TCR-transgenic T lymphocytes were activated
with APCs and specific Ag, rather than the polyclonal stimulation
used in the studies of resting, human peripheral blood T lympho-
cytes. This difference in stimulation, or the many differences be-
tween these murine and human culture systems, may account for
the differences in RXR-� expression seen between the two studies.

Our microarray analysis demonstrated that the expression of
many genes involved in Th1/Th2 development, cell proliferation,
and cell survival were regulated by RXR in naive T lymphocytes
during primary antigenic stimulation. Regulation of these genes
may occur directly or indirectly. Many genes directly regulated by
RXR agonists, including Crabp2 and Scd1, were identified in these
experiments. Although many microarray studies use cell lines,
which may not adequately represent the same cell type in vivo, or
use tissues from treated animals, which contain many cell types,
our study used primary cells that were purified to �96% homo-
geneity before RNA extraction. Thus, we have a high degree of
confidence that the genes identified by this method are expressed
in primary T lymphocytes and that differences in mRNA levels
reflect actual differences in gene expression in these cells, rather
than differences in frequencies of cells in a mixed population.

One of the genes induced by AGN194204 in our microarray
studies was Bcl2a1. This gene is induced by TCR stimulation (33)
and treatment with AGN194204 enhanced Bcl2a1 expression

above levels seen by TCR stimulation alone, using either APCs
and peptide Ag or ant-CD3 plus anti-CD28 Abs. RAR and RXR
agonists can also affect expression of IL-12 by APCs and of IL-4
and IFN-� by T lymphocytes (2). However, neutralizing Abs were
used to rule out an effect of these cytokines on Bcl2a1 expression
in our experiments. Because AGN194204 is a synthetic agonist,
we also tested the naturally occurring RXR agonist 9-cis-retinoic
acid for the ability to increase Bcl2a1 RNA expression. 9-cis-reti-
noic acid also increased Bcl2a1 mRNA levels, although the mag-
nitude of the response was not as great as seen with equal con-
centrations of AGN194204. This may be because the binding
affinity and transactivation activity (EC50 concentration) are 10-
fold lower for AGN194204 than for 9-cis-retinoic acid (38), mak-
ing AGN194204 a more potent agonist. These results confirm that
Bcl2a1 mRNA levels are greater in primary T lymphocyte cultures
treated with RXR agonists, and are consistent with an RXR-me-
diated increase in transcription.

To determine whether AGN194204 and 9-cis-retinoic acid di-
rectly regulate transcription from the Bcl2a1 promoter, we con-
ducted experiments using a luciferase reporter construct containing
2.0 kb of cloned genomic DNA from the 5� noncoding region of
the Bcl2a1a gene (39). These experiments confirmed that both
AGN194204 and 9-cis-retinoic acid increased luciferase activity in
3T3 and Raw cells. To our knowledge, these are the first data to
directly indicate that retinoids regulate Bcl2a1 gene expression.
Additional experiments will be needed to determine how these
agonists affect transcription. It is possible that an RXR homodimer
or heterodimer binds to an appropriate response element in the
Bcl2a1 promoter and thereby enhance transcription (52). Prelim-
inary examination of the Bcl2a1 promoter revealed a nearly ca-
nonical DR4 element (data not shown), but agonists for two nu-
clear receptors that typically act via a DR4 element, TR and LXR,
did not significantly enhance Bcl2a1 expression in the present
study, nor did the ligands for PPAR-�, FXR, RAR, or VDR en-
hance Bcl2a1 expression. These negative results suggest that these

FIGURE 8. Effect of AGN194204 and 9-cis-retinoic
acid on Bcl2a1 promoter activity. Raw 264.7 cells (A)
and 3T3 cells (B–D) were transfected with the Bcl2a1
promoter linked to the luciferase gene (pGL3/Bcl2a1)
and with a constitutive reporter plasmid for �-galacto-
sidase (HSP70-�-galactosidase). Cells were also trans-
fected with an expression vector for rat RXR-� (pCMX/
RXR) (C and D; as indicated in A and B) or with the
empty vector (pCMX) (as indicated in A and B). All
transfections were done 1 day before treatment with ve-
hicle (DMSO), 9-cis-retinoic acid (9-cis-RA), or the
RXR agonist AGN194204. Luciferase activity was de-
termined after 24 h and normalized to �-galactosidase
activity. Results are representative of at least three in-
dependent experiments. Values are expressed as the
mean � SD of triplicate wells. Statistically significant
differences (by t test or one-way ANOVA) from the ve-
hicle control are indicated by the following superscript
letters: a, p � 0.001; b, p � 0.01; and c, p � 0.05.
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partner receptors are not involved in regulation of Bcl2a1 expres-
sion. However, the results are not definitive because these exper-
iments were conducted using cell culture medium containing FBS,
which may contain partner ligands (e.g., all-trans-retinoic acid or
thyroid hormone) that could obscure enhancement of Bcl2a1 ex-
pression by added partner ligands.

Rather than bind to a response element, RXR could interact
directly with transcription factors, such as NF-�B, and thereby
affect transcription (53). This is plausible because Bcl2a1 tran-
scription is regulated by NF-�B (35), but such interactions often
result in decreased rather than increased transcription as a result of
competition among different transcription factors for access to the
transcription complex. However, a recent study revealed that reti-
noids induced apoptosis via an RAR-�/RXR pathway in immature
dendritic cells. But when dendritic cells were also stimulated with
inflammatory signals cell survival, maturation, and Ag presenta-
tion were enhanced. The latter effects depended on RXR were
independent of RAR and appeared to be mediated by increased
nuclear translocation of NF-�B (54). Because Bcl2a1 transcription is
increased by NF-�B binding to its promoter following TCR engage-
ment (39), the same RXR-mediated enhancement of NF-�B activity
could be responsible for increased Bcl2a1 expression in the present
experiments. Further work is needed to address this hypothesis.

Previous studies have found that all-trans-retinoic acid increases
Bcl2a1 mRNA levels and decreases apoptosis in the NB4 and
PBL985 acute promyelocytic leukemia cell lines (55–58). In a more
recent study with PBL985 cells, 9-cis-retinoic acid increased Bcl2a1
expression but the RXR-selective agonist SR11237 did not (59).
These results are consistent with our findings that 9-cis-retinoic acid
increased Bcl2a1 mRNA levels in both the leukemia cell lines and in
primary T lymphocytes. However, in the present study, all-trans-reti-
noic acid did not increase Bcl2a1 mRNA without coadministration of
AGN194204. It is possible that RAR was not expressed at a sufficient
level to mediate these effects in our experiments as expression de-
creased after antigenic stimulation. In addition, the profile of coacti-
vator and corepressor proteins undoubtedly differs between promy-
elocytic leukemia cells and primary CD4� T lymphocytes. Such
differences could account for the disparate results with RAR and RXR
agonists between these two sets of experiments.

Different mechanisms regulate T lymphocyte survival and loss
during the different phases of the immune response. During the
postactivation phase, stimulated T lymphocytes are susceptible to
activation-induced cell death by restimulation via the TCR. Apo-
ptosis can then be induced by binding of Fas ligand to Fas ex-
pressed on the surface of susceptible cells. T cell hybridomas are
used as models of activation-induced cell death (18). In this sys-
tem, retinoic acid inhibits Fas-mediated apoptosis by decreasing
cell surface Fas ligand expression (19–22). However, this mech-
anism is of limited importance following primary antigenic stim-
ulation as naive T lymphocytes are resistant to activation-induced
cell death (18, 46).

Survival of naive T lymphocytes during the first few days follow-
ing primary stimulation is enhanced by several factors, including the
activity of growth-promoting cytokines such as IL-2 and IL-4 (15,
18). Although cytokine withdrawal can induce apoptosis and retinoids
are known to affect IL-2 production and receptor expression (60, 61),
addition of IL-2 and IL-4 to cultures in the present studies did not alter
the antiapoptotic effects of AGN194204 and 9-cis-retinoic acid. This
result was not unexpected because these cytokines do not induce
Bcl2a1 expression in naive T lymphocytes, although IL-4 can induce
Bcl2 expression (17).

Stimulation of naive T lymphocytes via the TCR, with appropriate
costimulation, induces expression of prosurvival Bcl2 family mem-
bers Bcl2a1 and Bcl-xL (17, 46, 62). Bcl2a1 mRNA expression peaks

in the first 24 h following stimulation than decreases to basal levels
within 3 days, while Bcl2a1 protein is detectable on days 1 through 3,
with a peak on day 2 (17, 46). Transgenic expression of Bcl2a1a using
the Lck promoter (which is stimulated by activation of the TCR)
enhances survival of stimulated T lymphocytes for at least 3 days
(46). These findings are similar to our observations that RXR agonists
prolong Bcl2a1 expression 2 and 3 days after stimulation, with cor-
responding decreases in apoptosis. Our observation that expression of
RNA for Bcl2 and Bcl-xL was not increased by retinoid treatment
supports our hypothesis that RXR agonists diminish apoptosis by in-
creasing Bcl2a1 expression. Additional experiments to block Bcl2a1
expression or function following RXR stimulation will be needed to
confirm this hypothesis.

In conclusion, we have demonstrated that RXR agonists in-
crease Bcl2a1 expression, decrease apoptosis, and increase cell
number following primary antigenic stimulation of naive CD4� T
lymphocytes. In addition, these agonists induce the transcriptional
activity of Bcl2a1 using a luciferase reporter gene. Thus, RXR
appears to promote the survival of T lymphocytes during initial
exposure to Ag. Retinoids may be pro- or antiapoptotic, depending
on the type of cell involved, with proapoptotic effects often being
seen in transformed cells (63), including T cell lymphomas (27). In
the present experiments, RXR ligands play an antiapoptotic role,
as has been seen recently for RXR and LXR in macrophages dur-
ing antibacterial responses (64). Thus, ligands for RXR appear to
promote cell survival during the initiation and effector phases of
both innate and adaptive immune responses. This role should be of
benefit in fighting infectious diseases but may be a mixed blessing
during chronic inflammatory or autoimmune disease when in-
creased cell survival may mean more severe disease. Further work
is needed on the specific mechanisms of action of RXR and its
partner receptors to understand how the immune response may be
modified by dietary and pharmacologic ligands for these receptors.
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